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A normal metal exhibits a valence plasmon, which is a sound wave in its conduction electron
density. The mysterious strange metal is characterized by non-Boltzmann transport and violates
most fundamental Fermi liquid scaling laws. A fundamental question is: Do strange metals have
plasmons? Using momentum-resolved inelastic electron scattering (M-EELS) we recently showed
that, rather than a plasmon, optimally-doped Bi2.1Sr1.9Ca1.0Cu2.0O8+x (Bi-2212) exhibits a feature-
less, temperature-independent continuum with a power-law form over most energy and momentum
scales [M. Mitrano, PNAS 115, 5392-5396 (2018)]. Here, we show that this continuum is present
throughout the fan-shaped, strange metal region of the phase diagram. Outside this region, dra-
matic changes in spectral weight are observed: In underdoped samples, spectral weight up to 0.5 eV
is enhanced at low temperature, biasing the system towards a charge order instability. The situation
is reversed in the overdoped case, where spectral weight is strongly suppressed at low temperature,
increasing quasiparticle coherence in this regime. Optimal doping corresponds to the boundary be-
tween these two opposite behaviors at which the response is temperature-independent. Our study
suggests that plasmons do not exist as well-defined excitations in Bi-2212, and that a featureless
continuum is a defining property of the strange metal, which is connected to a peculiar crossover
where the spectral weight change undergoes a sign reversal.
INTRODUCTION
The enigmatic and poorly understood strange metal
has been found within the phase diagrams of many
strongly-correlated systems, including transition metal
oxides, heavy fermion materials, organic molecular solids,
and iron-pnictide superconductors [1–7]. This phase is
characterized by violation of fundamental Fermi liquid
scaling laws, and by its close proximity to other exotic
phases such as unconventional superconductivity, charge
or spin density waves, and nematicity [1, 4, 6, 8]. For
example, the prototypical copper-oxide strange metals,
which are also high temperature superconductors, exhibit
a resistivity that is linear in temperature and exceeds
the Mott-Ioffe-Regel limit [2, 9], an optical conductiv-
ity exhibiting an anomalous power law dependence on
frequency [10, 11], a magnetoresistance that is linear in
field, violating Kohler’s rule [12], a quasiparticle decay
rate that scales linearly with energy [13], and an NMR
spin relaxation rate that violates the Korringa law [14].
No generally accepted theory of matter can explain these
properties, which appear to be incompatible with funda-
mental assumptions of Boltzmann transport theory. The
strange metal has thus become one of the great unsolved
problems in condensed matter physics.
The quasiparticle dynamics of strange metals have
been studied extensively with angle-resolved photoemis-
sion (ARPES) and scanning tunneling microscopy (STM)
techniques, which directly measure the one-electron spec-
tral function [15–20]. However, little is known about the
two-particle charge response, which directly reveals the
strongly correlated nature of this phase [21].
The fundamental charge collective mode of an ordi-
nary metal is its plasmon, which is essentially a sound
wave in its valence electron density [22]. On the
other hand, we recently showed that in optimally doped
Bi2.1Sr1.9Ca1.0Cu2.0O8+x (Bi-2212), a known strange
metal, the plasmon is overdamped and rapidly de-
cays into a momentum-, energy-, and temperature-
independent continuum extending up to an energy of ∼ 1
eV [23]. Initial measurements away from optimal doping,
on heavily overdoped samples, showed a surprising deple-
tion of spectral weight below 0.5 eV at low temperature
[23]. This energy scale is more than 20× larger than the
temperature scale on which these changes take place, sug-
gesting strong interactions are at play [24]. It is therefore
crucial to map out the exact region of the phase diagram
where a featureless continuum is present, so its connec-
tion to the strange metal and other neighboring phases
can be established.
Here, we present a study of the density fluctuations
across the doping-temperature phase diagram of the
strange metal Bi-2212 using momentum-resolved electron
energy-loss spectroscopy (M-EELS) [25]. This technique
measures the surface dynamic charge response of a ma-
terial, χ(q, ω), and directly reveals the charged bosonic
collective modes of the system [25]. Note that, while gen-
erally regarded as a surface technique, the probe depth
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2of M-EELS is given by the inverse of the in-plane mo-
mentum transfer, q−1, making it somewhat more bulk
sensitive than single-particle spectroscopies like ARPES
and STM [25]. In this study we focus on the energy
regime 0.1 eV < ω < 2 eV, which is relevant to the high-
temperature normal state out of which superconductivity
and other instabilities form.
EXPERIMENT
Single crystals of Bi-2212 were grown using floating
zone methods described previously [26]. The current
study was done on underdoped crystals with Tc=50 K
(UD50K) and 70 K (UD70K), optimally doped crystals
with Tc=91 K (OP91K), and overdoped crystals with
Tc=50 K (OD50K).
Measurements of the charge fluctuation spectra were
performed using meV-resolution, momentum-resolved
electron energy-loss spectroscopy (M-EELS) [25]. M-
EELS is a variant of surface HR-EELS [27] in which
the momentum transfer of the probe electron is mea-
sured with both high resolution and accuracy [25]. Mea-
surements were performed on cleaved single crystals of
Bi-2212 at 50 eV incoming electron beam energy and 4
meV energy resolution at a fixed out-of-plane momen-
tum transfer, qz = 4.10 A˚
−1
. We use Miller indices,
(H,K), to designate an in-plane momentum transfer
q = (2piH/a, 2piK/a), where a = 3.81 A˚ is the tetragonal
Cu-Cu lattice parameter [15]. Unless otherwise specified,
all momenta are along the (1,-1) crystallographic direc-
tion, i.e., perpendicular to the structural supermodula-
tion in this material [15]. The sample orientation matrix
was determined in situ using the (0,0) specular and (1,0)
Bragg reflections, and verified by observing the (1,-1) re-
flection, establishing a quantitative relationship between
the momentum, q, and the diffractometer angles. M-
EELS spectra were taken from 0 to 2 eV energy loss and
binned into 30 meV intervals for improved statistics.
M-EELS measures the dynamic structure factor of a
surface, S(q, ω), which is proportional to the surface dy-
namic charge susceptibility, χ′′(q, ω), by the fluctuation-
dissipation theorem [25, 27, 28]. χ′′ was determined from
the raw data by dividing the M-EELS matrix elements,
which depend on the momentum transfer [25], and an-
tisymmetrizing to remove the Bose factor [23, 25]. The
data were placed on an absolute scale by performing the
partial f -sum rule integral,
∫ 2 eV
0
ω χ′′(q, ω) dω = −pi q
2
2m
Neff, (1)
where Neff was determined by integrating the q = 0 ellip-
sometry data from Ref. [29] over the same energy interval
at the corresponding values of temperature and doping.
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FIG. 1. χ′′(q, ω) at room temperature (300 K) (a-d) and low
temperature (either 100 K or 115 K) (e-h) for all four dopings
studied. No significant q-dependence is seen for any doping
or temperature. At 300 K the spectra vary only slightly with
doping, compared to the dramatic doping dependence below
∼0.5 eV at low temperature.
M-EELS DATA
Figure 1 shows the M-EELS spectra for a selection
of momenta at room temperature (300 K) and at low
temperature (100 K or 115 K, depending upon the dop-
ing). The intensity rise below 0.1 eV in all spectra is due
to the well-known Bi-2212 optical phonons [25, 30, 31].
Looking at the 300 K data, the lowest momentum (Fig.
1(a)) shows a highly damped plasmon reported previ-
ously [23],which appears in the spectrum as a local max-
imum at ω ∼ 1 eV energy loss. This peak has very similar
shape in all four dopings studied, and has the same en-
ergy and width as the plasmon observed in transmission
EELS measurements at the same in-plane momentum
[23, 25, 32]. Previous studies indicate that the optical
properties of the cuprates are dominated below ∼ 1 eV by
excitations in the CuO2 planes, but that interband tran-
sitions, potentially involving the BiO layers, contribute
above 1.5 eV and may create features around 2.3 eV and
3.8 eV [33–35]. We therefore expect the M-EELS con-
tinuum principally arises from the CuO2 planes but may
3have other contributions at high energy.
At larger momenta (Fig. 1 (b)-(d)) the plasmon is
no longer present, by which we mean that a local maxi-
mum is no longer observed in the spectra. Instead, the
plasmon decays into an energy-independent continuum,
as reported previously [23]. As shown in Appendix B,
this continuum appears also in transmission EELS ex-
periments, and is thus a bulk property of Bi-2212. This
continuum is not a subtle effect; it saturates the f -sum
rule and is the primary feature of the charge response of
Bi-2212. As reported in Ref. [23], the M-EELS spectra
exhibit very little q-dependence at momenta greater than
0.16 r.l.u., which implies that charge excitations barely
propagate in this material. Additionally, Fig. 1 (a)-(d)
shows that, at T = 300 K, the continuum also has little
doping dependence across the composition range.
Surprisingly, the spectra become dramatically doping-
dependent at low temperature (Fig. 1(e)-(h)), which is
the main finding of this work. In overdoped samples, the
spectral weight below 0.5 eV is greatly suppressed at low
temperature [23]. By contrast, in underdoped materi-
als, the weight in this energy range at low temperature
is enhanced. The 0.5 eV energy scale of this spectral
weight rearrangement at all compositions is more than
an order of magnitude larger than the temperature scale
on which it occurs, indicating that the effect arises from
strong electron-electron interactions. The enhancement
in the low-energy susceptibility at low temperature sug-
gests that underdoped Bi-2212 should have a tendency
to form charge density waves (CDW), which may be con-
nected to recent observations from resonant x-ray scat-
tering [36, 37] (note that we have not seen evidence for
a true CDW in Bi-2212 with M-EELS, though further
study may yet uncover such effects). All spectra are
doping- and temperature-independent above 1 eV where
the system exhibits a universal ∼ 1/ω2 form.
PROPERTIES OF THE POLARIZABILITY
The continuum is essentially momentum-independent
at all doping values for q > 0.16 r.l.u., where there is
hardly any discernible difference between M-EELS spec-
tra at different q values (Fig. 1). This implies that the
susceptibility, χ′′(q, ω), is constant over 90% of the Bril-
louin zone, apart from an overall q2 dependence required
by the f -sum rule (Eq. 1). Generally speaking, the mo-
mentum dependence of the susceptibility χ(q, ω) is de-
termined by two separate effects: the intrinsic polariz-
ability of the system, Π(q, ω), and the momentum de-
pendence of the Coulomb interaction itself, V (q). It is
therefore important to determine whether the deviation
from a constant in the remaining portion of the Brillouin
zone, q < 0.16 r.l.u., is due to the Coulomb interaction,
the polarizability, or the combination of the two.
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FIG. 2. Collapse of Π′′(q, ω) for all momenta for each of the
four doping values studied, achieved simply by dividing by q2.
The spectra were taken at T = 100K except for the OD50K
sample, which was measured at 115 K. Apart from the q2
scaling of the magnitude, which is required by the f -sum rule,
the spectra are essentially momentum-independent.
Physically, the polarizability Π(q, ω) can be under-
stood as the density response of the system with a com-
pletely screened Coulomb interaction (i.e. the system
with neutral rather than charged density fluctuations)
[22, 38]. The polarizability Π(q, ω) and susceptibility
χ(q, ω) are related by [22, 38],
χ(q, ω) =
Π(q, ω)
∞ − V (q)Π(q, ω) , (2)
where V (q) is the Coulomb interaction and ∞ is the
background dielectric constant, which for Bi-2212 is ∞ =
4.5 [29].
In practice, the most important difference between the
polarizability and the susceptibility is that the former
does not feature plasmon excitations, whose existence is
a consequence of the direct Coulomb interaction between
particle and hole excitations. Instead, the polarizabil-
ity Π(q, ω) reveals the particle-hole excitation spectrum
itself.
We argued in Ref. [23] that Π(q, ω) could be extracted
from the M-EELS data by assuming a two-dimensional
form for the Coulomb interaction,
V (q) ∝ e
−qd
q
. (3)
where d is on the order of the interlayer spacing in Bi-
2212. Here, we apply this procedure to all four doping
values by extrapolating χ′′(q, ω) with a 1/ω2 tail and
4Kramers-Kronig transforming to acquire the real part,
χ′(q, ω). We then evaluate Π(q, ω) for each doping from
Eq. 2 using d = 15.62 A˚, which is close to the bilayer
spacing for Bi-2212, and a proportionality constant in
Eq. 3 for V (q) of 7.9 · 103 eV · A˚2 (see Appendix A).
The result is displayed in Fig. 2, which shows the scaled
quantity, Π′′(q, ω)/q2, at low temperature for each of the
four doping values. The spectra for all momenta collapse
onto a single curve that is different for each doping value.
This collapse implies that Π(q, ω) is constant for all mo-
menta (again, apart from an overall q2 factor required
by the sum rule), even down to the lowest momentum
measured, q = 0.1 r.l.u.
The overarching point of Fig. 2 is that particle-hole
excitations in Bi-2212 cannot propagate, at least for en-
ergies ω > 0.1 eV. The modest q-dependence in the M-
EELS data below 0.16 r.l.u., where the plasmon-like max-
imum is visible in the data, is purely an effect of V (q)
in Eq. 2. The particle-hole spectrum itself, Π′′(q, ω),
appears to be constant even down to the lowest momen-
tum studied, q = 0.1 r.l.u. This is extremely surprising,
since the individual quasiparticles in this energy range
exhibit significant dispersion [15, 18, 19, 39]. We con-
clude that the textbook Lindhard description of the po-
larizability, in terms of particle-hole excitations across a
Fermi surface and RPA treatment of the Coulomb inter-
action [22, 38], completely fails in Bi-2212. This failure
occurs at all compositions we examined—even overdoped
materials that are usually considered to be good Fermi
liquids [9].
A second implication of Fig. 2 is that the peak in M-
EELS data at low temperature in the overdoped regime
(Fig. 1(e)-(h)) is not a plasmon. While the overdoped
susceptibility in Fig. 1(e)-(h) exhibits a peak in a sim-
ilar energy range as Fig. 1(a) with a local maximum
near ∼ 0.8− 1 eV, the peak in the overdoped susceptib-
lity in Fig. 1(e)-(h) is also present in the polarizability
(Fig. 2(d)), which as discussed above does not show plas-
mon effects. The peak in χ′′(q, ω) in the low-temperature
overdoped regime is thus inherited from Π′′(q, ω) and it
is therefore more appropriate to think of it as a feature
of the particle-hole excitation spectrum rather than as a
collective, plasmon mode.
A final, striking implication of Fig. 2 is that, at energy
ω > 0.1 eV, the polarizability factors, i.e., Π′′(q, ω) ∼
f(q) ·g(ω), where f(q) ∼ q2. Since the original literature
on the marginal Fermi liquid (MFL) phenomenology of
the cuprates [40, 41], this factoring has been considered a
a key signature of “local quantum criticality,” an exotic
phase of matter in which the spatial correlation length
ξx ∼ ln ξt, where ξt is the temporal correlation length
[23, 40–43]. One can think of such a phase as being char-
acterized by a dynamical critical exponent z = ∞. The
new lesson we have learned here is that this factoring
takes place at all measured dopings and temperatures in
the phase diagram. It is therefore a general materials
property of Bi-2212, and not a feature of a critical point
or a particular doping value.
SPECTRAL WEIGHT TREND
The changes in spectral weight follow a distinct trend
across the phase diagram. The fine temperature de-
pendence is displayed in Fig. 3, which shows spec-
tra at a fixed momentum q∗ = 0.24 r.l.u. at which
χ′′(q, ω) ≈ Π′′(q, ω). At optimal doping the spectra
are temperature-independent, but the overdoped mate-
rial shows a suppression of spectral weight below 0.5 eV
as the system is cooled, indicating the emergence of an
energy scale [23]. In the underdoped case, this trend re-
verses: the weight below 0.5 eV is enhanced as the system
is cooled, exhibiting a power-law form at low tempera-
ture (Fig. 3(a)-(b)). This enhancement may be a conse-
quence of slowing CDW fluctuations in underdoped ma-
terials [36, 37]. The optimally doped case corresponds to
a turning point between regions with opposite behavior,
where the resulting response is temperature-independent
(Fig. 3(c)). The normal state at this doping corresponds
to the center of the strange metal regime in which resis-
tivity is linear over the widest temperature range [9, 19].
A distinct trend is now clear: The M-EELS response
is featureless and doping-independent at room tempera-
ture, but not at low temperature (Fig. 1). At the same
time, the response is temperature-independent at opti-
mal doping, but not at other dopings (Fig. 3(a)-(d)).
The overall behavior may be summarized using a param-
eter that quantifies the deviation of the response from its
featureless form at high temperature,
ξ = −
∫ 0.5eV
0.1eV
[χ′′(q∗, ω)− χ′′ref(q∗, ω)] dω, (4)
where the reference spectrum, χ′′ref(q
∗, ω), is taken at op-
timal doping at T = 150 K and q∗ = 0.24 r.l.u. The
quantity ξ measures, as a function of temperature and
doping, the degree to which the spectra deviate from the
integrated spectral weight of χ′′ref(q
∗, ω) which has a con-
stant value of 12.94 ·10−5 A˚−3. Note that this parameter
is also a measure of the change in the Coulomb energy of
the system [29].
The behavior of ξ is summarized in Fig. 3(e). Its value
is small at 300 K for all four dopings. As the system is
cooled, ξ becomes negative in the overdoped case, where
spectral weight is suppressed at low temperature, and
positive for underdoped materials, where the weight is en-
hanced. At optimal doping, where the response is always
featureless, ξ remains small at all temperatures. Note
that the value of ξ as a function of doping at low tem-
perature shows the same change in sign as the Coulomb
energy determined from ellipsometry experiments [29],
though the magnitude of the effect observed here is sig-
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FIG. 3. (a)-(d) Temperature dependence of χ′′(q∗ = 0.24, ω) for each doping level studied. Note that the energy axis is plotted
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nificantly larger (Appendix B).
Hole doping p
Te
m
pe
ra
tu
re
 (K
)
0 0.300.200.10
0
100
200
300
−3
−2
−1
0
1
2
3
SM
FL?
PG
AF SC
(1
0-5
 Å–
3 )
Sp
ec
tra
l W
ei
gh
t, 
ξ
FIG. 4. Evolution of the M-EELS continuum spectral
weight across the Bi-2212 phase diagram, which was con-
structed from the data in Refs. [18, 19, 44, 45]. Here
AF=antiferromagnet, SC=superconductor, PG=pseudogap,
FL=Fermi liquid, SM=strange metal. The colored points rep-
resent the spectral weight change, ξ, in Fig. 3(e). ξ is small
throughout the SM region in which the continuum remains
featureless. Outside the SM, the continuum spectral weight
changes rapidly with a different sign in the underdoped and
overdoped regimes.
The trend is illustrated in another way in Fig. 4, which
shows the spectral weight change ξ as a function of dop-
ing and temperature superposed on the known phase di-
agram of Bi-2212 constructed from the phase boundaries
in Refs. [18, 19, 44, 45]. The region over which ξ is
small, in which the response remains featureless, closely
coincides with the fan-shaped, strange metal region. Fig.
4 suggests a connection between a featureless form for the
density response and the existence of a linear-in-T nor-
mal state resistivity.
DISCUSSION
The highly unconventional behavior of the density re-
sponse across the Bi-2212 phase diagram can be summa-
rized as consisting of a flat continuum of density fluc-
tuations within the fan-like, strange metal region, and
dramatic changes in spectral weight up to 0.5 eV outside
this region with a sign-reversal at optimal doping. Here,
we discuss the implications of the presence of this con-
tinuum for some other widely known properties of the
cuprates.
First, the continuum provides a natural, qualitative ex-
planation for the normal state quasiparticle lifetimes in
Bi-2212 [15, 18, 19, 39]. Broadly speaking, the poorest
quasiparticle coherence is observed in underdoped mate-
rials at low temperature. The coherence increases with
increasing doping, with the longest lifetimes observed at
low temperature on the overdoped side [18, 19]. This
behavior can be understood by recognizing that the con-
tinuum we observe should provide a decay path for quasi-
particle damping, amplifying the imaginary part of the
self-energy, Σ′′(ω) [15, 18, 19]. The strong damping of
quasiparticles in underdoped materials can then be un-
derstood as a consequence of the enhancement of the M-
EELS continuum at low temperature in this regime (Fig.
3(a)-(b)). Similarly, the increased quasiparticle coher-
ence in overdoped materials arises because the continuum
in this regime is suppressed (Fig. 3(d)).
At optimal doping, in the strange metal phase, the
imaginary part of the self-energy, Σ′′(ω), is linear in ω,
which has been shown to be consistent with an Eliash-
berg function that is frequency-independent [17]. This
6behavior is highly consistent with the observation that
the continuum is frequency-independent in this regime
(Fig. 3(c)), and suggests that the M-EELS data may
have a direct relationship with the Eliashberg function
itself.
It is critical to keep in mind, however, that while the
continuum provides a clear decay channel for quasiparti-
cles, the mechanism by which the quasiparticles in turn
generate the continuum is less clear. Because the quasi-
particles are highly dispersive in Bi-2212 [18, 19], a stan-
dard Lindhard calculation of the density response us-
ing RPA [22, 38] would yield a continuum that is also
highly momentum-dependent, which is inconsistent with
the M-EELS data at all compositions studied. It may
be the case that beyond-RPA effects, such as excitonic,
local field, or vertex correction effects dominate the re-
sponse properties of strange metals. New theoretical ap-
proaches using nonperturbative techniques going beyond
RPA, such as those based on the AdS-CFT correspon-
dence, may provide progress in understanding the density
response of the strange metal [43, 46].
It is worth considering whether the momentum-
independence of the density fluctuations could be a con-
sequence of strong disorder, which might eliminate mo-
mentum conservation by explicitly breaking translational
symmetry, resulting in q-integrated response functions in
all measurements. Even in materials in which the degree
of disorder is low by traditional crystallographic stan-
dards, translational symmetry could be broken by emer-
gent electronic heterogeneity, for which there is ample
evidence in the cuprates [20]. Such heterogeneity has
even been proposed as the origin of the linear-in-T re-
sistivity in strange metals [47]. Unfortunately, such a
view of the M-EELS data is inconsistent with ARPES
and STM studies, which report clearly dispersing quasi-
particle excitations in Bi-2212 where the charge response
is q-independent [15–20]. Moreover, recent RIXS experi-
ments on electron-doped cuprates, which are not strange
metals but have a similar degree of disorder [48], have
clearly shown conventional dispersing plasmon excita-
tions, in agreement with Hubbard model-based RPA cal-
culations [49]. Also, dispersing collective modes have
been observed with M-EELS in other materials with sim-
ilar degree of disorder [50]. So it seems unlikely that dis-
order is the sole cause of the q-independence we see. On
the other hand, it remains possible that the strong cou-
pling physics of Bi-2212 conspires with disorder in such
as way as to make momentum irrelevant in the density
response, though not other observables.
Finally, we consider the question of whether the contin-
uum could be a sign of some kind of quantum critical be-
havior. In this view, the fan-like structure implied by Fig.
4 might indicate a crossover near a doping pc ∼ 0.16 that
could be identified as a quantum critical point (QCP), as
suggested by many authors [9, 15, 39, 51–55]. This inter-
pretation is problematic, since few expected signatures of
quantum criticality are present in the density fluctuation
spectra. For example, no soft collective mode, with en-
ergy falling to zero at pc, is visible in the data. A spectral
weight rearrangement is observed away from pc in both
underdoped and overdoped samples, however its energy
scale ∼ 0.5 eV is more than an order of magnitude larger
than the crossover temperature, ∼ 200 K, over which this
rearrangement takes place (Fig. 3(a)-(d)). Moreover, the
response functions near pc do not exhibit any momentum
dependence, which is expected in the usual Hertz-Millis
picture of a quantum phase transition [56]. The factor-
ing of Π′′(q, ω) we observe (Fig. 2) has been cited as
evidence for local criticality, which has been argued to
be a feature of an exotic QCP [40, 41]. But this fac-
toring is observed everywhere in the phase diagram, not
just in the vicinity of pc. Whether some kind of exotic
critical point might explain the peculiar physics taking
place remains, for now, an open question.
In summary, we have shown that Bi-2212, despite be-
ing a good conductor by most standards, does not exhibit
well-defined plasmon excitations that are dispersing and
long-lived anywhere in its phase diagram. Instead, this
material exhibits a featureless, momentum-independent
continuum in the density response throughout the fan-
shaped, strange metal region of the phase diagram. Out-
side this fan, the response undergoes dramatic changes in
spectral weight up to 0.5 eV exhibiting a sign-reversal at
optimal doping. Our study establishes a featureless con-
tinuum as a defining property of the mysterious strange
metal phase in Bi-2212 and places it at a crossover be-
tween two regimes with opposite trends in their charge
susceptibility. Major open questions remain concerning
the relationship between the density response and models
based on quasiparticle scattering, disorder, or quantum
critical fluctuations. A new kind of theory of interact-
ing matter may be needed to explain the existence of
this phase and its connection to other exotic phenomena
such as high temperature superconductivity.
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APPENDIX A: DETERMINING Π(q, ω)
At large momentum, the Coulomb interaction V (q) is
small so the susceptibility, χ(q, ω), and the polarizability,
Π(q, ω), are nearly the same (Eq. 2). At small momenta,
particularly q < 0.16 r.l.u., relating them requires knowl-
edge of V (q). The precise functional form of V (q) can
depend on the material geometry, especially in quasi-2D
systems [57] or at the surface of a layered material. Un-
derstanding this relation for M-EELS is still a work in
progress. Nevertheless, as argued in Ref. [23], the ap-
proximate form shown in Eq. 3 is a sensible phenomeno-
logical starting point as it exhibits the same functional
behavior as that of an infinite (i.e. not surface termi-
nated) layered system [57].
To determine the proportionality constant in Eq. 3,
we follow a similar procedure to Ref. [23]. Noticing
that in the limit of large momentum transfer, χ(q, ω) ≈
Π(q, ω)/∞, we treat V as a fit parameter, Vfit, and deter-
mine the values of Vfit where Π most closely resembles its
value at the highest momentum measured, q = 0.5 r.l.u.,
by minimizing the function,
1
∞
|Π(q, ω)−Π(0.5, ω)| = | χ(q, ω)
1 + Vfit(q)χ(q, ω)
−χ(0.5, ω)|.
(5)
After obtaining Vfit(q), we fit to it with the functional
form of Eq. 3 using d = 15.62 A˚ to determine the propor-
tionality constant. The fits are shown in Fig. 5, along
with curves with alternate values of d shown for refer-
ence. The fitted proportionality constant was found to
be (7.9±0.3)·103 eV·A˚2. Considering a rough estimate for
the proportionality constant of 4pie2d = 2.83 · 103 eV · A˚2
is within a factor 3, the fit value is quite reasonable given
the systematic uncertainties.
APPENDIX B: CONSISTENCY BETWEEN
M-EELS AND OTHER ELECTROMAGNETIC
PROBES
Our M-EELS data are consistent, in most respects,
with previous studies of the electromagnetic properties
of cuprates. Like M-EELS [25], spectroscopic ellipsom-
etry [29, 34] and transmission EELS experiments with
modest energy resolution (i.e., elastic linewidths of ≥ 0.3
eV) [32, 58, 59] also observe an overdamped plasmon ex-
citation at ∼ 1 eV energy. At a small in-plane momen-
tum, q = 0.05 r.l.u., M-EELS and transmission EELS
give nearly identical plasmon energy and lineshape [25].
0.1 0.2 0.3 0.4 0.5
q (r.l.u.)
0
2000
4000
6000
V
(q
)  
 (e
V
⋅ Å
3 )
d = 13 Å
d = 15.62 Å
d = 19 Å
Vfit(q)
FIG. 5. Vfit(q) determined by minimizing Eq. 5 for OD50K,
and the subsequent fit using Eq. 3, obtaining a proportional-
ity constant of (7.9±0.3)·103 eV·A˚2. Vertical error bars reflect
statistical fitting uncertainties, while horizontal error-bars re-
flect the momentum resolution of the M-EELS instrument of
0.03 A˚
−1
. For reference, curves evaluated with d = 13 A˚ and
d = 19 A˚ are also shown.
Further, the plasmon energy measured with ellipsometry
is independent of doping [29, 60–62], starkly contrast-
ing with the behavior of a normal conductor [22, 38, 63],
suggesting it may arise from a continuum of the sort we
see.
Still, it is clear something qualitative must change in
the charge response as q → 0. For one, the plasmon
lineshape observed with ellipsometry, which is strictly a
q = 0 probe, is 50% narrower than the M-EELS and
transmission EELS data at the lowest momentum stud-
ied [25]. Further, the spectral weight in ellipsometry
grows with decreasing temperature for all dopings by no
larger than ∼3% [29], while the changes observed here
are around 50% and may have either sign (Fig. 3(e)).
More fundamentally, the factoring of the polarizability,
Π′′(q, ω) = f(q) · g(ω), cannot persist to zero momentum
because it violates the compressibility sum rule [22, 38],
lim
q→0
Π(q, 0) = −n2κ, (6)
where κ = −(∂V /∂P )N/V is the compressibility. By
definition, κ = 0 for an insulator while for a metal κ
is a constant. If the factoring of Π persisted all the
way to q → 0 the f -sum rule (Eq. 2) would require
Π(q, 0) ∼ q2 in the limit of small momentum, implying
that the system is an insulator. However Bi-2212 is a
metal, of course, meaning this factoring cannot persist as
q → 0. Full reconciliation between q = 0 probes like el-
lipsometry and finite-q techniques may require new theo-
retical ideas about non-commutativity of limits [64]. En-
couragingly, however, our ξ, which represents integrated
spectral weight change, exhibits the same trend with dop-
ing as the Coulomb energy reported in Ref. [29], chang-
ing sign at optimal doping in both studies. Forthcoming
8studies with higher momentum resolution will determine
the nature of the crossover region between the two tech-
niques.
We note that, at larger momenta, transmission EELS
studies of Bi-2212 by different groups report conflicting
results. Using 60 keV electrons in an EELS spectrom-
eter employing Wien filters and a 30 meV quasi-elastic
line, Terauchi et al. reported a featureless continuum
with a 1 eV cutoff energy similar to what we report here
[65]. On the other hand, using 170 keV electrons with
hemispherical analyzers and quasi-elastic line extending
to 500 meV, Nu¨cker et al. observed no continuum at
all, but instead report conventional plasmon behavior
exhibiting normal, Fermi liquid-like dispersion [32, 59].
More recently, transmission EELS studies by Schuster et
al. of the underdoped cuprate Ca2−xNaxCuO2Cl2 also
show evidence for a broad continuum, rather than con-
ventional dispersing plasmons [66].
As an initial step towards establishing consistency be-
tween M-EELS and transmission EELS techniques, we
have performed a preliminary measurement of OP91K
Bi-2212 using a monochromated Nion UltraSTEM Scan-
ning Transmission Electron Microscope EELS (STEM-
EELS) with 10 meV resolution, as shown in Fig. 6. These
measurements were performed at room-temperature with
60 keV electrons and convergence/acceptance semi-
angles of 4 mrad. Samples were prepared using a “pow-
der” method, where a single crystal of OP91K Bi-2212
is crushed in a mortar and pestle and dispersed onto a
holey carbon grid using ethanol. A flake was found with
the correct orientation and estimated thickness of be-
low 400 A˚. Sample crystallinity and ab-plane orientation
was confirmed by verifying the well-known Bi-2212 su-
permodulations (see the inset of Figure 6). Note that
the STEM-EELS measurements show precisely the same
continuum with the same cutoff energy as M-EELS mea-
surements. This indicates that the continuum is a bulk
property of Bi-2212, and not a peculiarity of the surface.
We note that, because STEM-EELS instruments are
designed for high spatial-resolution at the expense of
momentum-resolution, the STEM-EELS spectrum in
Fig. 6 is momentum-integrated azimuthally in the ab-
plane for q . 0.63 r.l.u. (i.e. approximately the first
Brillouin Zone). Nevertheless, because M-EELS mea-
surements have established that the strange metal con-
tinuum is largely momentum-independent, Fig. 6 repre-
sents a strong evidence that the continuum is a bulk ef-
fect. More detailed transmission EELS studies with both
high energy- and momentum-resolution would serve as an
even more stringent test.
[1] M. R. Norman, The Challenge of Unconventional Super-
conductivity, Science 332, 196 (2011).
0.0 0.5 1.0 1.5 2.0
Energy Loss (eV)
0
1
2
3
EE
LS
 In
te
ns
ity
 (a
rb
.)
STEM-EELS (raw)
STEM-EELS (antisymm.)
M-EELS
5 nm
FIG. 6. Comparison of M-EELS and Transmission STEM-
EELS of OP91K Bi-2212 at 300 K. The raw STEM-EELS
spectrum is shown in grey, and the anti-symmetrized spec-
trum is shown in orange. The M-EELS spectrum in red
is taken at momentum transfer of 0.5 r.l.u. (inset) Phase-
contrast TEM image of the sample region investigated, show-
ing the Bi-2212 supermodulation with wavelength λ ≈ 26A˚,
verifying the structural integrity of the sample used in STEM-
EELS measurements.
[2] N. E. Hussey, K. Takenaka, and H. Takagi, Universality
of the Mott-Ioffe-Regel Limit in Metals, Philos. Mag. 84,
2847 (2004).
[3] N. E. Hussey, J. C. Alexander, and R. A. Cooper, Optical
Response of High-Tc Cuprates: Possible Role of Scatter-
ing Rate Saturation and In-Plane Anisotropy, Phys. Rev.
B 74, 214508 (2006).
[4] G. R. Stewart, Non-Fermi-Liquid Behavior in d- and f -
Electron Metals, Rev. Mod. Phys. 73, 797 (2001).
[5] G. R. Stewart, Addendum: Non-Fermi-Liquid Behavior
in d- and f-Electron Metals, Rev. Mod. Phys. 78, 743
(2006).
[6] M. Dressel, Quantum Criticality in Organic Conduc-
tors? Fermi Liquid Versus Non-Fermi-Liquid Behaviour,
J. Phys. Condens. Matter 23, 293201 (2011).
[7] S. Kasahara, T. Shibauchi, K. Hashimoto, K. Ikada,
S. Tonegawa, R. Okazaki, H. Shishido, H. Ikeda,
H. Takeya, K. Hirata, T. Terashima, and Y. Matsuda,
Evolution from Non-Fermi- to Fermi-Liquid Transport
via Isovalent Doping in BaFe2(As1−xPx)2 Superconduc-
tors, Phys. Rev. B 81, 184519 (2010).
[8] D. M. Ginsberg, Physical Properties of High Tempera-
ture Superconductors II-IV (World Scientific, Singapore,
1998).
[9] B. Keimer, S. A. Kivelson, M. R. Norman, S. Uchida, and
J. Zaanen, From Quantum Matter to High-Temperature
Superconductivity in Copper Oxides, Nature 518, 179
(2015).
[10] D. N. Basov and T. Timusk, Electrodynamics of High-Tc
Superconductors, Rev. Mod. Phys. 77, 721 (2005).
[11] D. van der Marel, H. J. A. Molegraaf, J. Zaanen, Z. Nussi-
nov, F. Carbone, A. Damascelli, H. Eisaki, M. Greven,
P. H. Kes, and M. Li, Quantum Critical Behaviour in
9a High Temperature Superconductor, Nature 425, 271
(2003).
[12] P. Giraldo-Gallo, J. A. Galvis, Z. Stegen, K. A. Modic,
F. F. Balakirev, J. B. Betts, X. Lian, C. Moir, S. C. Riggs,
J. Wu, A. T. Bollinger, X. He, I. Bozovic, B. J. Ramshaw,
R. D. McDonald, G. S. Boebinger, and A. Shekhter,
Scale-Invariant Magnetoresistance in a Cuprate Super-
conductor, Science 361, 479 (2018).
[13] T. Valla, A. V. Fedorov, P. D. Johnson, Q. Li, G. D.
Gu, and N. Koshizuka, Temperature Dependent Scat-
tering Rates at the Fermi Surface of Optimally Doped
Bi2Sr2CaCu2O8+δ, Phys. Rev. Lett. 85, 828 (2000).
[14] C. Berthier, J. A. Gillet, T. Auler, Y. Berthier, M. Hor-
vatic, P. Segransan, and J. Y. Henry, NMR Investigation
of Low Energy Excitations in High Tc Superconductors,
Phys. Scr. T49A, 131 (1993).
[15] A. Damascelli, Z. Hussain, and Z. X. Shen, Angle-
Resolved Photoemission Studies of the Cuprate Super-
conductors, Rev. Mod. Phys. 75, 473 (2003).
[16] T. J. Reber, X. Zhou, N. C. Plumb, S. Parham, J. A.
Waugh, Y. Cao, Z. Sun, H. Li, Q. Wang, J. S. Wen,
et al., Power Law Liquid - A Unified Form of Low-Energy
Nodal Electronic Interactions in Hole Doped Cuprate Su-
perconductors, arXiv:1509.01611 (2015).
[17] J. M. Bok, J. J. Bae, H. Y. Choi, C. M. Varma, W. Zhang,
J. He, Y. Zhang, L. Yu, and X. J. Zhou, Quantitative De-
termination of Pairing Interactions for High-Temperature
Superconductivity in Cuprates, Sci. Adv. 2, e1501329
(2016).
[18] I. M. Vishik, W. S. Lee, R. H. He, M. Hashimoto, Z. Hus-
sain, T. P. Devereaux, and Z. X. Shen, ARPES Studies of
Cuprate Fermiology: Superconductivity, Pseudogap and
Quasiparticle Dynamics, New J. Phys. 12, 105008 (2010).
[19] U. Chatterjee, D. Ai, J. Zhao, S. Rosenkranz, A. Kamin-
ski, H. Raffy, Z. Li, K. Kadowaki, M. Randeria, M. R.
Norman, and J. C. Campuzano, Electronic Phase Dia-
gram of High-Temperature Copper Oxide Superconduc-
tors, Proc. Natl. Acad. Sci. 108, 9346 (2011).
[20] K. Fujita, A. R. Schmidt, E. A. Kim, M. J. Lawler, D. H.
Lee, J. C. Davis, H. Eisaki, and S. Uchida, Spectroscopic
Imaging Scanning Tunneling Microscopy Studies of Elec-
tronic Structure in the Superconducting and Pseudogap
Phases of Cuprate High-Tc Superconductors, J. Phys.
Soc. Jpn. 81, 011005 (2012).
[21] J. Zaanen, S. Chakravarty, T. Senthil, P. Anderson,
P. Lee, J. Schmalian, M. Imada, D. Pines, M. Rande-
ria, C. M. Varma, et al., Towards a Complete Theory of
High Tc, Nat. Phys. 2, 138 (2006).
[22] P. Nozie`res and D. Pines, The Theory of Quantum Liq-
uids (Perseus Books, Cambridge, MA, 1999).
[23] M. Mitrano, A. A. Husain, S. Vig, A. Kogar, M. S. Rak,
S. I. Rubeck, J. Schmalian, B. Uchoa, J. Schneeloch,
R. Zhong, G. D. Gu, and P. Abbamonte, Anomalous Den-
sity Fluctuations in a Strange Metal, Proc. Natl. Acad.
Sci. 115, 5392 (2018).
[24] D. N. Basov, R. D. Averitt, D. Van Der Marel, M. Dres-
sel, and K. Haule, Electrodynamics of Correlated Elec-
tron Materials, Rev. Mod. Phys. 83, 471 (2011).
[25] S. Vig, A. Kogar, M. Mitrano, A. A. Husain, V. Mishra,
M. S. Rak, L. Venema, P. D. Johnson, G. D. Gu, E. Frad-
kin, M. R. Norman, and P. Abbamonte, Measurement
of the Dynamic Charge Response of Materials using
Low-Energy, Momentum-Resolved Electron Energy-Loss
Spectroscopy (M-EELS), SciPost Phys. 3, 026 (2017).
[26] J. S. Wen, Z. J. Xu, G. Y. Xu, M. Hu¨cker, J. M.
Tranquada, and G. D. Gu, Large Bi-2212 Single Crys-
tal Growth by the Floating-Zone Technique, J. Cryst.
Growth 310, 1401 (2007).
[27] H. Ibach and D. L. Mills, Electron Energy Loss Spec-
troscopy and Surface Vibrations (Academic Press, New
York NY, 1982).
[28] A. Kogar, S. Vig, Y. Gan, and P. Abbamonte,
Temperature-Resolution Anomalies in the Reconstruc-
tion of Time Dynamics from Energy-Loss Experiments,
J. Phys. B. Atom. Molec. Phys. 47, 124034 (2014).
[29] J. Levallois, M. K. Tran, D. Pouliot, C. N. Presura,
L. H. Greene, J. N. Eckstein, J. Uccelli, E. Gian-
nini, G. D. Gu, A. J. Leggett, and D. van der Marel,
Temperature-Dependent Ellipsometry Measurements of
Partial Coulomb Energy in Superconducting Cuprates,
Phys. Rev. X 6, 031027 (2016).
[30] D. L. Mills, R. B. Phelps, and L. L. Kesmodel, Electron-
Energy-Loss Spectrum of the Cuprate Superconductors,
Phys. Rev. B 50, 6394 (1994).
[31] H. Qin, J. Shi, Y. Cao, K. Wu, J. Zhang, E. W. Plum-
mer, J. Wen, Z. J. Xu, G. D. Gu, and J. Guo, Direct
Determination of the Electron-Phonon Coupling Matrix
Element in a Correlated System, Phys. Rev. Lett. 105,
256402 (2010).
[32] N. Nu¨cker, U. Eckern, J. Fink, and P. Mu¨ller, Long-
Wavelength Collective Excitations of Charge Carriers
in High-Tc Superconductors, Phys. Rev. B 44, 7155(R)
(1991).
[33] M. A. Quijada, D. B. Tanner, R. J. Kelley, M. Onel-
lion, H. Berger, and G. Margaritondo, Anisotropy in the
ab-Plane Optical Properties of Bi2Sr2CaCu2O8 Single-
Domain Crystals, Phys. Rev. B 60, 14917 (1999).
[34] I. Bozovic, Plasmons in Cuprate Superconductors, Phys.
Rev. B 42, 1969 (1990).
[35] C. Giannetti, F. Cilento, S. Dal Conte, G. Coslovich,
G. Ferrini, H. Molegraaf, M. Raichle, R. Liang, H. Eisaki,
M. Greven, et al., Revealing the High-Energy Electronic
Excitations Underlying the Onset of High-Temperature
Superconductivity in Cuprates, Nat. Commun. 2, 353
(2011).
[36] E. H. da Silva Neto, P. Aynajian, A. Frano, R. Comin,
E. Schierle, E. Weschke, A. Gyenis, J. Wen, J. Schnee-
loch, Z. Xu, et al., Ubiquitous Interplay Between Charge
Ordering and High-Temperature Superconductivity in
Cuprates, Science 343, 393 (2014).
[37] R. Comin and A. Damascelli, Resonant X-ray Scattering
Studies of Charge Order in Cuprates, Annual Review of
Condensed Matter Physics 7, 369 (2016).
[38] G. D. Mahan, Many-Particle Physics (Kluwer Aca-
demic/Plenum, New York NY, 2000).
[39] A. Kaminski, S. Rosenkranz, H. M. Fretwell, Z. Z.
Li, H. Raffy, M. Randeria, M. R. Norman, and
J. C. Campuzano, Crossover from Coherent to Inco-
herent Electronic Excitations in the Normal State of
Bi2Sr2CaCu2O8+δ, Phys. Rev. Lett. 90, 207003 (2003).
[40] L. Zhu, Y. Chen, and C. M. Varma, Local Quantum Crit-
icality in the Two-Dimensional Dissipative Quantum XY
Model, Phys. Rev. B 91, 205129 (2015).
[41] C. M. Varma, Dynamic Structure Function of Some Sin-
gular Fermi Liquids, Phys. Rev. B 96, 075122 (2017).
[42] C. M. Varma, P. B. Littlewood, S. Schmitt-Rink,
E. Abrahams, and A. E. Ruckenstein, Phenomenology
of the Normal State of Cu-O High-Temperature Super-
10
conductors, Phys. Rev. Lett. 63, 1996 (1989).
[43] A. Krikun, A. Romero-Bermudez, K. Schalm, and J. Zaa-
nen, The Anomalous Attenuation of Plasmons in Strange
Metals and Holography, Phys. Rev. B 99, 235149 (2019).
[44] N. Barisic, M. K. Chan, Y. Li, G. Yu, X. Zhao, M. Dres-
sel, A. Smontara, and M. Greven, Universal Sheet Resis-
tance and Revised Phase Diagram of the Cuprate High-
Temperature Superconductors, Proc. Natl. Acad. Sci.
110, 12235 (2013).
[45] C. Proust, B. Vignollea, J. Levallois, S. Adachi, and N. E.
Hussey, Fermi Liquid Behavior of the In-Plane Resistivity
in the Pseudogap State of YBa2Cu4O8, Proc. Natl. Acad.
Sci. 113, 13654 (2016).
[46] J. Zaanen, Planckian Dissipation, Minimal Viscosity and
the Transport in Cuprate Strange Metals, SciPost Phys.
6, 061 (2019).
[47] D. Pelc, P. Popcˇevic´, M. Pozˇek, M. Greven, and
N. Bariˇsic´, Unusual Behavior of Cuprates Explained
by Heterogeneous Charge Localization, Sci. Adv. 5,
eaau4538 (2019).
[48] N. P. Armitage, P. Fournier, and R. L. Greene, Progress
and Perspectives on Electron-Doped Cuprates, Rev.
Mod. Phys. 82, 2421 (2010).
[49] M. Hepting, L. Chaix, E. W. Huang, R. Fumagalli, Y. Y.
Peng, B. Moritz, K. Kummer, N. B. Brookes, W. C.
Lee, M. Hashimoto, et al., Three-Dimensional Collective
Charge Excitations in Electron-Doped Copper Oxide Su-
perconductors, Nature 563, 374 (2018).
[50] A. Kogar, M. S. Rak, S. Vig, A. A. Husain, F. Flicker,
Y. I. Joe, L. Venema, G. J. MacDougall, T. C. Chiang,
E. Fradkin, J. van Wezel, and P. Abbamonte, Signatures
of Exciton Condensation in a Transition Metal Dichalco-
genide, Science 358, 1314 (2017).
[51] S. Sachdev, Where is the Quantum Critical Point in the
Cuprate Superconductors?, Phys. Stat. Solidi B 247, 537
(2010).
[52] S. Badoux, W. Tabis, F. Laliberte´, G. Grissonnanche,
B. Vignolle, D. Vignolles, J. Be´ard, D. A. Bonn, W. N.
Hardy, R. Liang, N. Doiron-Leyraud, L. Taillefer, and
C. Proust, Change of Carrier Density at the Pseudogap
Critical Point of a Cuprate Superconductor, Nature 531,
210 (2016).
[53] Y. Ando, S. Komiya, K. Segawa, S. Ono, and Y. Kurita,
Electronic Phase Diagram of High-Tc Cuprate Supercon-
ductors from a Mapping of the In-Plane Resistivity Cur-
vature, Phys. Rev. Lett. 93, 267001 (2004).
[54] N. E. Hussey, Phenomenology of the Normal State In-
Plane Transport Properties of High-Tc Cuprates, J.
Phys. Condens. Matter 20, 123201 (2008).
[55] E. Sterpetti, J. Biscaras, A. Erb, and A. Shukla, Com-
prehensive Phase Diagram of Two-Dimensional Space
Charge Doped Bi2Sr2CaCu2O8+x, Nature communica-
tions 8, 2060 (2017).
[56] S. Sachdev, Quantum Phase Transitions (Cambridge
University Press, New York, NY, 1999).
[57] J. P. Reed, Y. I. Uchoa, B.and Joe, Y. Gan, D. Casa,
E. Fradkin, and P. Abbamonte, The Effective Fine-
Structure Constant of Freestanding Graphene Measured
in Graphite, Science 330, 805 (2010).
[58] Y. Y. Wang, G. Feng, and A. L. Ritter, Electron-
Energy-Loss and Optical-Transmittance Investigation of
Bi2Sr2CaCu2O8, Phys. Rev. B 42, 420 (1990).
[59] N. Nu¨cker, H. Romberg, S. Nakai, B. Scheerer, J. Fink,
Y. F. Fan, and Z. X. Zhao, Plasmons and Interband
Transitions in Bi2Sr2CaCu2O8, Phys. Rev. B 39, 12379
(1989).
[60] Terasaki, I. and Nakahashi, T. and Takebayashi, S. and
Maeda, A. and Uchinokura, K., The Optical Study of the
Doping Effect in Single-Crystal Bi2Sr2(Ca,A)Cu2O8+x
(A=Y or Nd), Physica C 165, 152 (1990).
[61] S. Uchida, T. Ido, H. Takagi, T. Arima, Y. Tokura, and
S. Tajima, Optical Spectra of La2−xSrxCuO4: Effect of
Carrier Doping on the Electronic Structure of the CuO2
Plane, Phys. Rev. B 43, 7942 (1991).
[62] H. L. Liu, M. A. Quijada, A. M. Zibold, Y. D. Yoon, D. B.
Tanner, G. Cao, J. E. Crow, H. Berger, G. Margaritondo,
L. Forro´, et al., Doping-Induced Change of Optical Prop-
erties in Underdoped Cuprate Superconductors, J. Phys.
Condens. Matter 11, 239 (1999).
[63] A. Kogar, S. Vig, A. Thaler, M. H. Wong, Y. Xiao,
D. R. i Plessis, G. Y. Cho, T. Valla, Z. Pan, J. Schnee-
loch, R. Zhong, G. D. Gu, T. L. Hughes, G. J. Mac-
Dougall, T.-C. Chiang, and P. Abbamonte, Surface Col-
lective Modes in the Topological Insulators Bi2Se3 and
Bi0.5Sb1.5Te3−xSex, Phys. Rev. Lett. 115, 257402 (2015).
[64] C. Setty, B. Padhi, K. Limtragool, A. A. Husain,
M. Mitrano, , P. Abbamonte, and P. W. Phillips, In-
equivalence of the Zero-Momentum Limits of Transverse
and Longitudinal Dielectric Response in the Cuprates,
arXiv:1803.05439 (2018).
[65] M. Terauchi, M. Tanaka, K. Tsuno, and M. Ishida, De-
velopment of a High Energy Resolution Electron Energy-
Loss Spectroscopy Microscope, J. Microscopy 194, 203
(1999).
[66] R. Schuster, S. Pyon, M. Knupfer, J. Fink, M. Azuma,
M. Takano, H. Takagi, and B. Bu¨chner, Charge-Transfer
Excitons in Underdoped Ca2−xNaxCuO2Cl2 Studied by
Electron Energy-Loss Spectroscopy, Phys. Rev. B 79,
214517 (2009).
